The structure of silica-polypropyleneglycol (PPG) nanocomposites with weak physical bonds between the organic (PPG) and inorganic (silica) phase, prepared by the sol-gel process, was investigated by small angle X-ray scattering (SAXS). These nanocomposite materials are transparent, flexible, have good chemical stability and exhibit high ionic conductivity when doped with lithium salt. Their structure was studied as a function of silica weight fraction x (0.06 ≤ x ≤ 0.29) and [O]/[Li] ratio (oxygens being of ether-type). The shape of the experimental SAXS curves agrees with that expected for scattering intensity produced by fractal aggregates sized between 30 and 90Å. This result suggests that the structure of the studied hybrids consists of silica fractal aggregates embedded in a matrix of PPG. The correlation length of the fractal aggregates decreases and the fractal dimension increases for increasing silica content. The variations in structural parameters for increasing Li + doping indicate that lithium ions favor the growth of fractal silica aggregates without modifying their internal structure and promote the densification of the oligomeric PPG matrix.
Introduction
In recent years the study of organic-inorganic nanocomposites became a mushrooming field of investigation due to the promising applications of these materials in optics, electronics, mechanics, electrochemistry and biology (Beaucage et al., 1995) . These hybrids are considered as biphasic materials, the organic and inorganic phases being mixed at a nanometric scale. The nature of the organic-inorganic interface has been used to classify these materials in two classes. In class I materials, organic and inorganic phases are linked together through weak bonds (hydrogen, van der Waals or ionic bonds), which give the cohesion to the whole structure. In class II, the two phases are linked through strong covalent bonds.
Small-angle X-ray scattering (SAXS) is a particularly adequate technique to study the structure of such hybrid materials because of their colloidal nature and high contrast in electronic densities between organic and inorganic phases (Rodrigues et al., 1992; Beaucage et al., 1995; Krakovský et al., 1998; Maene et al., 1998) . The structure of class II siloxane-polyethyleneglycol (PEG) and siloxanepolypropyleneglycol (PPG) hybrids, which exhibit high transparency, flexibility, chemical stability and good ionic conductivity (~10 -4 S/cm) when doped with lithium salts, has recently been investigated by SAXS (Dahmouche et al., 1999a; Dahmouche et al., 1999b) . The gelation and drying mechanisms of such systems were also studied using the same technique (Dahmouche et al., 1999c) . These studies have clearly shown that the nature of the siloxane-polymer interface in class II materials determines their nanoheterogeneous structure. For these reasons, it appears interesting to investigate the structure of similar hybrids with only weak organic-inorganic bonds (class I).
In spite of their chemical stability being lower than class II nanocomposites, class I materials are of technological interest because of their high ionic conductivity (up to ~10 -3 S/cm) making them useful for application in electrochromic devices (Dahmouche et al., 1996; Dahmouche et al., 1998) .
In this paper we report a SAXS study of PPG-silica class I nanocomposites prepared by the sol-gel process. A model of a fractal structure for the inorganic phase is proposed and the effects on the structure of silica content and lithium doping are described.
Experimental
PPG-silica hybrid materials were prepared by an ultrasonic assisted sol-gel method that promotes the homogeneity of insoluble reactants without adding a co-solvent. Tetraethoxysilane (TEOS) and hydrochloric acid aqueous solution (0.1 mol.L -1 ) were stirred together under ultrasound (power 200watts) during 5min to hydrolyze the TEOS ([H 2 O]/[TEOS]=4) in acid conditions (pH=2.5). The desired quantities of PPG 425 (425=molecular weight of PPG) having hydroxil therminal groups were added. Some of the samples were doped with lithium salt (LiClO 4 ). This salt was introduced and dissolved under ultrasound in order to obtain a transparent liquid. Then, the pH of the solution was increased up to 8 by adding NH 4 OH. Gelation occurred within a few minutes. The gel samples were then allowed to dry under vacuum at 323 K for 48h.
Previous studies of silica-PEG hybrids prepared by a similar procedure demonstrated that only weak physical bonds are linking together the organic and inorganic phases (Judeinstein et al., 1994a; Judeinstein et al., 1994b; Wong, Bazin & Sermon, 1997) .
X-ray scattering measurements were performed using the SAXS beamline of the National Synchrotron Light Laboratory (LNLS), Campinas, Brazil. The SAXS beamline is equipped with an asymmetrically cut and bent silicon (111) monochromator which yields a monochromatic (λ=1.608Å) and horizontally focused beam (Kellermann et al., 1997) . A vertical position-sensitive X-ray gas detector and a multichannel analyzer were used to record the SAXS intensity, I(q), as a function of the modulus of the scattering vector q=(4π/λ)sin(ε⁄2), ε being the scattering angle. Each SAXS spectrum corresponds to a data collection time of 300s. Because of the small size of the incident beam cross-section at the detection plane, no mathematical desmearing of the experimental SAXS intensity function was needed.
The density of the hybrid samples were determined using a standard helium picnometer.
SAXS intensity produced by fractal aggregates
The scattering power I 1 (q) of an isotropic aggregate consisting of spatially correlated particles is given by (Guinier, 1963) 
where φ is the number of primary particles per unit volume, P(q) is the form factor of the particles and S(q) is the structure factor that accounts for the spatial correlation between them. The structure function for a set of correlated primary particles forming a fractal object is given by (Freltoft, Kjems & Sinha,1986 and Teixeira, 1988 ) where a is the radius of the (assumed spherical) primary particles, ξ is the correlation length or size parameter of the fractal structure, D is the fractal dimension and Γ is the gamma function. When the primary particles are very small (a<<ξ), the form factor P(q) is usually approximated by a constant value (Guinier, 1963) :
where ρ p is the electronic density of the (assumed homogenous) primary particles, v their volume and ρ m the electronic density of the medium where the particles are embedded.
Assuming that (i) the composite material is composed of N fractal aggregates per unit volume without spatial correlation between them, and (ii) each fractal aggregate consists of very small primary particles (a<<ξ) with volume v and electronic density contrast ∆ρ=(ρ p -ρ m ), the SAXS intensity can be written as
where S(q) is given by equation (2) and A is a parameter which only depend on the scattering geometry and normalization procedure. Equation (4) becomes I(q) ∝ q -D when 1/ξ << q << 1/a. At small q (q ≤ 1/ξ), I(q) exhibits a Guinier-type behavior (Guinier, 1963) . The radius of gyration of the isolated fractal aggregates, Rg, can be determined by applying Guinier law. Rg is related to the correlation length ξ by
The SAXS intensity extrapolated to q=0 is given by (Teixeira, 1988) :
For q values close to or larger than 1/a, the constant value for the form factor of the primary particles (equation 3) is not an acceptable approximation. For q >> 1/a the so-called Porod regime (Guinier, 1963) is attained and so the SAXS intensity is expected to exhibit an assymptotic behavior given by (PPG 425 ) and m(SiO 2 ) being the weight of polymer and silica, respectively. Three regions can be distinguished in the scattering curves: i) a linear regime at medium q (0.02 Å -1 < q < 0.22 Å -1 ), ii) a tendency to a constant intensity value at small q (q < 0.02Å -1 ) and iii) an increase in the modulus of the slope at high q values (q > 0.22Å -1 ) which would correspond to the beginning of the Porod regime (equation 6). The fittings of the theoretical functions I(q) (equation 4) to experimental data are also shown in Fig.1 . The fitted I(q) functions (continuous lines) are in good agreement with the experimental curves up to a value of q close to 1/a. This upper limit for good fitting is the expected consequence of using a constant value for the form factor of the primary particles. The parameter a, which corresponds to the size of the primary particles, was determined from the value q c corresponding to the crossover of the two linear ranges at large q values (a=1/q c ). (4) to experimental curves.
Results and discussion

Effect of silica content
We have assumed that the X-ray scattering is due to the presence of inorganic (silica) fractal aggregates embedded in the PPG matrix. The correlation lengths ξ and the fractal dimensions D of the clusters, the extrapolated I(0) values and the sample densities are plotted in Fig. 2 for different silica weight fractions, x. These values are the parameters corresponding to the best fittings of equation 2 to the different experimental.curves. The increase in sample density for increasing silica content, seen in Fig. 2 , is expected because the values of the densities of pure PPG and bulk silica phase are equal to 1.0 and 2.2 g/cm 3 , respectively. The correlation length ξ of the fractal silica aggregates decreases from 90 to 30Å for increasing silica content. This decrease in size can be simply explained as a consequence of steric effects. For diluted systems (low silica content) the number of nuclei for aggregate formation is small and so the fractal structure has an important available volume to be occupied by growth. On the contrary, more concentrated samples would contain a higher number of nuclei and so the growth of the fractal aggregates would stop after some eventual interpenetratation between neighbors. As a consequence of interactions between aggregates, the correlation length associated to each one becomes limited to values of the order of the average distance between them. Since the average distance is expected to decrease with silica content, the correlation length would also decrease.
The values of I(0) plotted in Fig. 2 exhibit an approximately linear increase for increasing silica weight fraction. Assuming ∆ρ independent of silica content and a constant v value, equation (5) predicts that the variation in I(0) only depends on N, D and ξ . The observed increasing trend of I(0) was assigned to a predominant increasing effect of the number of aggregates N and fractal dimension D, overcompensating the opposite effect expected from the variation in the correlation length ξ. The relative lower contribution from the A number of studies on aggregation of colloidal particles in liquid solvents have shown that fractal clusters are often formed. On the other hand computer simulation studies demonstrated that the fractal dimension of the clusters depends on the mechanism of aggregation (Meakin, 1989) . The experimental value of the fractal dimension increases from 2.1 for low silica content (x=0.06) up to 2.5 for x=0.29. The rather low D values (D≅2.1) for low silica content suggest that the predominant mechanism is reaction-limited cluster-cluster aggregation (RLCCA) (Brown & Ball, 1985) . This is the mechanism that we expect for our synthesis procedure in which the first step involves acidcatalyzed hydrolysis and the second one the addition of a base (Brinker & Scherer, 1990) . For large silica content, the fractal dimension increases up to D≈2.5. This value is expected for diffusion-limited particle-cluster aggregation (DLPCA) (Jullien. Kolb & Botet, 1984) . This growth process occurs through a condensation reaction of single monomers with growing clusters. Our results indicate that this mechanism is only predominant for high silica precursor content, i.e. when the specific number of reactant species can be a continuous source of monomers as required for particle-cluster aggregation.
4.2.
Effect of lithium content Fig. 3 exhibits double logarithmic plots of SAXS intensity as a function of the modulus of the scattering vector, I(q), for silica-PPG 425 samples containing different [O]/[Li] ratios (the oxygen atoms are those of the ether type), all of them with the same weight fraction of silica, x=0.14. The SAXS spectra have a shape similar to those corresponding to non-doped composites, revealing that the fractal nature of silica aggregates is preserved when Li + ions are added.
The radius of the primary particles, a=1/q c , is equal to approximately 5Å, irrespectively of lithium content. The values of the other parameters determined from the fitting of equation (4) to the experimental SAXS curves and the density of the material are plotted in Fig. 4 (Dahmouche et al., 1999b) , this increase was assigned to the progressive filling of small empty spaces in the PPG matrix by adsorption of Li + in ether type oxygens. For high lithium content, [O]/[Li]≤15, a pronounced increase in density is apparent. This behavior has already been observed in pure polyethers or hybrid silica-polyethers electrolytes (McCallum & Vincent, 1987; Dahmouche et al., 1999b) and was attributed to the contraction of the matrix produced by the increase in degree of pseudo-crosslinking O-Li + -O between PPG oligomers. We are calling pseudo-crosslinking the attractive ionic interactions between the oligomeric chains promoted by Li + addition, which lead to an overall effect of matrix contraction. Over the whole concentration range (80 ≤ [O]/[Li] ≤ 4) the average correlation length, ξ, of the fractal silica clusters increases for increasing Li + doping while its fractal dimension (D=2.2) remains approximately constant. This reveals that lithium salt favors the growth of the fractal silica aggregates without appreciably changing their basic mechanism of formation. This effect associated to the electrolyte has already been observed in other sol-gel derived materials containing different salts (Brinker & Scherer, 1990) and was associated to a decreasing effect of electrostatic repulsion between fractal clusters.
The decrease in extrapolated SAXS intensity, I(0), for increasing Li + doping indicates a predominant effect of the reduction in electron density contrast ∆ρ. This effect is associated to an increase in the matrix density ρ m due to i) the dissolution of LiClO 4 and ii) the contraction promoted by pseudo crosslinking effects.
Conclusion
PPG-silica nanocomposites with weak organic-inorganic bonds were studied by SAXS for different silica contents. The fractal nature and the relevant structural characteristics of silica aggregates embedded in the PPG matrix were established. The size of the primary particles building up the fractal structure is invariant, the correlation length or parameter size of the aggregates decreases and the fractal dimension increases for increasing silica concentration.
Doping the PPG-silica composites with lithium salt does not noticeably affect the fractal nature of the silica aggregates and favors their growth. Lithium salt addition also promotes the formation of pseudo crosslinking effects between PPG oligomers in the matrix. 
